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Introduction {#sec001}
============

Latent, promiscuous protein functions serve as starting points for evolving new functions, thus resolving the evolutionary 'catch' of no new trait can evolve unless it already exists and can confer an immediate survival benefit \[[@pgen.1005445.ref001],[@pgen.1005445.ref002],[@pgen.1005445.ref003]\]. Along the same veins, it has been proposed that other forms of molecular infidelity, such as transcriptional and translational errors, may also underlie the evolution of new protein traits \[[@pgen.1005445.ref004],[@pgen.1005445.ref005],[@pgen.1005445.ref006]\]. Indeed, these so-called 'phenotypic mutations' yield protein variability from an unmutated gene and are up to 10^5^ times more frequent than genetic mutations \[[@pgen.1005445.ref007],[@pgen.1005445.ref008],[@pgen.1005445.ref009]\]. Phenotypic mutations may thus bridge the crucial and relatively long time gap between the appearance of a new challenge and the emergence and fixation of changes in genotype, i.e., evolutionary adaptations as often manifested in new, paraloguous genes. To this date, however, no direct evidence exists for a phenotypic mutation paving the path to a genetic, evolutionary adaptation.

Gene duplication is the source of new paralogs, including proteins with new activities or new subcellular localizations. However, different mechanisms may underlie the emergence of new functions via gene duplication. The first proposed mechanism, now known as Ohno's model, or neo-functionalization, is initiated by duplication as a random event generating a redundant gene copy that acquires mutations under no selection. If and when a new function becomes beneficial, and if the drifted copy happens to provide this new function, the duplicated gene becomes under selection thus giving rise to a new paralog \[[@pgen.1005445.ref010]\]. The discovery of multi-functional proteins prompted alterative models by which gene duplication follows rather than precedes the emergence of new functions. By these models, 'gene sharing' \[[@pgen.1005445.ref011]\], sub-functionalization \[[@pgen.1005445.ref012]\], or more explicitly, 'divergence before duplication' \[[@pgen.1005445.ref013],[@pgen.1005445.ref014]\], the new function initially develops in the original, pre-duplicated gene. Mutations, that are largely neutral with respect to the primary, original function, may give rise to latent, promiscuous functions, which, in turn, may become under selection if and when needed \[[@pgen.1005445.ref015],[@pgen.1005445.ref016]\]. The new function therefore becomes under selection alongside the original one, giving rise to a bi- or multi-functional protein (gene sharing). Duplication may occur at a much later stage, thus allowing the two functions to be split between two paraloguous genes (sub-functionalization).

The current literature primarily addresses how new binding, regulatory or enzymatic functions evolve via duplication, thus providing ample evidence for divergence via multifunctional ancestors \[[@pgen.1005445.ref017],[@pgen.1005445.ref018],[@pgen.1005445.ref019],[@pgen.1005445.ref020],[@pgen.1005445.ref021]\]. However, protein function relates not only to what a protein does but also to where it functions and with which partners. In eukaryotic cells, for example, proteins localize to different subcellular compartments to perform their designated functions. Indeed, about a third of duplicate protein pairs derived from the yeast whole-genome duplication (WGD) that occurred along the lineage leading to *S*. *cerevisiae* localize to different subcellular compartments. However, the evolutionary mechanisms underlying the divergence of gene paralogues with new subcellular localizations remain largely unknown \[[@pgen.1005445.ref022]\]. Divergence before duplication, and a subsequent sub-functionalization to two paralogues, demands the appearance of the new trait within the ancestral, pre-duplicated gene while maintaining its original function \[[@pgen.1005445.ref014],[@pgen.1005445.ref023],[@pgen.1005445.ref024],[@pgen.1005445.ref025]\]. In the case of localization, this means dual localization, a phenomenon that is in fact well recorded \[[@pgen.1005445.ref026],[@pgen.1005445.ref027],[@pgen.1005445.ref028]\]. Amongst other mechanisms, the partial expression of protein forms carrying targeting signal sequences may occur via alternative splicing or transcriptional/translational errors \[[@pgen.1005445.ref029],[@pgen.1005445.ref030],[@pgen.1005445.ref031]\]. To this date, however, no particular example exists whereby a phenotypic mutation led to the divergence of a new paralog in a recently diverged species.

To study the history of evolution of new protein localizations, we sought to examine duplicate gene pairs that derived from the yeast WGD and diverged in their cellular localizations. Of the potential candidates listed in the literature \[[@pgen.1005445.ref022],[@pgen.1005445.ref032],[@pgen.1005445.ref033]\], one gene stood out in having a clear-cut selectable phenotype, and hence being amenable to laboratory evolution experiments. *Saccaromyces cerevisiae IDP3* is an NADP-dependent isocitrate dehydrogenase that following the WGD diverged towards peroxisomal localization. Peroxisomes are ubiquitous eukaryotic subcellular compartments where oxidative reactions occur, most notably the degradation of fatty acids via *β*-oxidation. *IDP3* is selectively essential for yeast growth on unsaturated fatty acids as main carbon source, providing the reducing agent NADPH in peroxisome for the *β*-oxidation of these fatty acids such as petroselinate \[[@pgen.1005445.ref034]\]. *S*. *cerevisiae* has three differently compartmentalized *IDP* paralogues: mitochondrial *IDP1*, cytosolic *IDP2* and peroxisomal *IDP3*. While the divergence of *IDP1* is an ancient event, *IDP2* and *IDP3* derived from the WGD and share \>77% sequence identity. Indeed, in species that diverged prior to the WGD, apart from *IDP1*, a single *IDP* copy exists corresponding to cytosolic *IDP2*. We thus examined the evolutionary mechanisms that underlie the divergence of the ancestral cytosolic *IDP2* to give the newly localized peroxisomal paralogue *IDP3*.

Results {#sec002}
=======

*IDP3* relocalized to the peroxisome by the acquisition of PTS1 motif {#sec003}
---------------------------------------------------------------------

Peroxisomal proteins are transported from the cytosol, most commonly, as with *IDP3*, via a carboxy-terminal peroxisomal targeting signal. This signal, dubbed PTS1 primarily comprises a tripeptide motif: (S/A/C)-(K/R/H)-(L/M)-~\*~; whereby \* represents a stop codon \[[@pgen.1005445.ref035]\]. While additional C-terminal residues affect targeting efficiency, the last 3 C-terminal residues are most crucial for peroxisomal targeting \[[@pgen.1005445.ref036]\]. We first analyzed the *IDP* gene sequences from *S*. *cerevisiae*-related species that diverged before and after the WGD. The pre-WGD species posses only a cytosolic *IDP2* gene with no PTS1 signature, whereas the post-WGD species all have a peroxisomal *IDP3* paralogue with a C-terminal PTS1 as well as a cytosolic *IDP2* gene ([Table 1](#pgen.1005445.t001){ref-type="table"}). By this generally-accepted analysis \[[@pgen.1005445.ref022]\], the ancestral *IDP2* was presumably localized to the cytosol, and following the WGD, *IDP3* neo-localized to the peroxisome by acquiring a PTS1 while *IDP2* remained a cytosolic isozyme.
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###### C-terminal peroxisomal target sequences (PTS1) of yeast *IDP* genes.

![](pgen.1005445.t001){#pgen.1005445.t001g}

  Species                                                        Gene name                C-terminus[^a^](#t001fn001){ref-type="table-fn"}   PTS1 score[^b^](#t001fn002){ref-type="table-fn"}   Evaluation[^c^](#t001fn003){ref-type="table-fn"}
  -------------------------------------------------------------- ------------------------ -------------------------------------------------- -------------------------------------------------- --------------------------------------------------
  *S*. *cerevisiae*                                              YNL009W (*IDP3*)         `SSNEDKKGMCKL*`                                    5.3                                                Targeted
  *S*. *paradoxus*                                               spar257-g2.1 (*IDP3*)    `SSNGGKKDMCKL*`                                    6.7                                                Targeted
  *S*. *mikatae*                                                 smik639-g9.1 (*IDP3*)    `VVNERKKSLCRL*`                                    4.1                                                Targeted
  *S*. *bayanus*                                                 sbayc655-g8.1 (*IDP3*)   `MIRSSTGSMCKL*`                                    1.4                                                Targeted
  *C*. *glabrata*                                                CAGL0H03663g (*IDP3*)    `EFNSHFNKPSKL*`                                    5.0                                                Targeted
  *S*. *castellii*                                               Scas695.13 (*IDP3*)      `GFEKISPTRCKL*`                                    1.4                                                Targeted
  *S*. *cerevisiae*                                              YLR174W (*IDP2*)         `SRLKKEFEAAAL*`                                    -36.0                                              Not targeted
  *S*. *paradoxus*                                               spar136-g12.1 (*IDP2*)   `SRLKKEFEAAAL*`                                    -36.0                                              Not targeted
  *C*. *glabrata*                                                CAGL0B04917g (*IDP2*)    `ENRIKSEFQKNF*`                                    -33.2                                              Not targeted
  *S*. *castellii*                                               Scas472.6 (*IDP2*)       `EKRLTREFKQIF*`                                    -31.9                                              Not targeted
  [^d^](#t001fn004){ref-type="table-fn"} *K*. *lactis*           KLLA0F12342g (*IDP2*)    `KRLDSEFKSSFN*`                                    -45.9                                              Not targeted
  [^d^](#t001fn004){ref-type="table-fn"} *A*. *gossypii*         AAL022W (*IDP2*)         `RLADGYKRLFCE*`                                    -49.6                                              Not targeted
                                                                                          `RLFVNKKKQAKL*`                                    5.2                                                Targeted
  [^d^](#t001fn004){ref-type="table-fn"} *S*. *kluyveri*         SAKL0D08426g (*IDP2*)    `EKRLIAAFRDEF*`                                    -54.9                                              Not targeted
                                                                                          `FVTNFKSNLSKL*`                                    5.5                                                Targeted
  [^d^](#t001fn004){ref-type="table-fn"} *K*. *thermotolerans*   KLTH0H12012g (*IDP2*)    `EQRLIRSLKEDR*`                                    -53.9                                              Not targeted
                                                                                          `VLYVALKRTARM*`                                    1.9                                                Targeted
  [^d^](#t001fn004){ref-type="table-fn"} *K*. *waltii*           Kwal0.191 (*IDP2*)       `ERRLHQGFKSQS*`                                    -33.5                                              Not targeted
                                                                                          `AFIKALNPKAKL*`                                    -0.8                                               Twilight zone
  *C*. *lusitaniae*                                              CLUG_01682 (*IDP2*)      `AVQERLNKNLGR*`                                    -51.9                                              Not targeted
  *D*. *hansenii*                                                DEHA0E24134g (*IDP2*)    `AVAKRLNKNLGA*`                                    -51.5                                              Not targeted
  *C*. *guilliermondii*                                          CLUG_01682 (*IDP2*)      `AVKVRLDKNLAK*`                                    -47.9                                              Not targeted
  *C*. *tropicalis*                                              CTRG_00909 (*IDP2*)      `AVANRLNKNLGY*`                                    -36.5                                              Not targeted
  *C*. *albicans*                                                CAWG_01578 (*IDP2*)      `VANRLNKNLGYA*`                                    -44.9                                              Not targeted
  *L*. *elongisporus*                                            LELG_00093 (*IDP2*)      `VASRLNKNLGRS*`                                    -27.6                                              Not targeted

^a^Marked in bold are the last 3 amino acids and stop codon (\*) of the identified PTS1 sequences. Additional C-terminal residues may modulate targeting efficiency, with the last 12 C-terminal residues being most important.

^b^The PTS1 scores for the C-terminal sequences (last 12 residues) were obtained using the PTS1 predictor program \[[@pgen.1005445.ref045]\]. Positive values indicate high probability of peroxisomal targeting.

^c^Targeting was evaluated by the program's value thresholds.

^d^The scores of cryptic PTS1 on +1-shifted frame were calculated for the *IDP2* genes of pre-WGD Saccaromycetaceae species, except for *K*. *lactis* where no cryptic PTS1 found. Cryptic PTS1 were also not found in *IDP2* genes of pre-WGD species belonging to the CTG group and of post-WGD species (neither in- or out of frame).

To examine how *IDP3*'s new, peroxisomal localization diverged from a cytosolic *IDP2*, we replaced the coding and regulatory regions of *S*. *cerevisiae IDP3* with those of *IDP2*, and measured the effects on yeast growth in a petroselinate containing medium. A *ΔIdp3* strain was constructed from a wild-type strain that spontaneously adapted to growth on petroselinate. The wild-type *IDP2* and modified *IDP2* with addition of *IDP3*'s PTS1 at its C-terminus (*IDP2* ^*+CKL*^) were cloned into a chromosomal plasmid and transformed into the *ΔIdp3* strain. Whilst wild-type *IDP2* failed to complement the *ΔIdp3* growth on petroselinate, *IDP2* ^*+CKL*^ gave an *IDP3*-like growth phenotype ([S1A Fig](#pgen.1005445.s001){ref-type="supplementary-material"}), as previously studied \[[@pgen.1005445.ref037]\]. Like-wise, relative to the PTS1, the divergence of upstream regulatory elements is minor, as indicated by the same petroselinate growth when *IDP3*'s promoter region was replaced with *IDP2*'s ([S1B Fig](#pgen.1005445.s001){ref-type="supplementary-material"}). These results suggest that acquisition of the PTS1 motif may have been necessary, and possibly even sufficient, to support divergence of *IDP3* from *IDP2*. It also appears that other changes in *IDP3*'s open reading frame, and changes in its regulatory regions, were less critical.

Pre-duplication *IDP2* genes have a cryptic PTS1 motif within the 3'-UTR {#sec004}
------------------------------------------------------------------------

We thus focused on unraveling the evolutionary origin of PTS1 motif, that is, when and how *IDP3*'s peroxisomal signal peptide emerged. By the classical Ohno's model, the key steps towards divergence occur after duplication, and initially as drift, namely not under adaptive selection \[[@pgen.1005445.ref010]\]. Nonetheless, we searched the C-termini and 3'-UTR sequences immediately after the stop codon of the pre-duplication *IDP2*s, attempting to identify possible starting sequences from which a PTS1 motif may have evolved via few mutations. We discovered intact, putative PTS1 motifs including an adequate stop codon located shortly after the original stop codon, in the 3'-UTRs. Putative PTS1s were found in 4 out of 5 of Saccaromycetaceae species that are phylogenetically closest to *S*. *cerevisiae* but not in more distant species including *Candida* (so-called CTG fungi group; the bottom clade in [Fig 1A](#pgen.1005445.g001){ref-type="fig"}). However, unlike previously discovered cryptic PTS1 motifs \[[@pgen.1005445.ref030],[@pgen.1005445.ref031],[@pgen.1005445.ref038]\], these cryptic PTS1 motifs relate not to the enzyme's coding frame but to a +1 frameshift ([Fig 1B](#pgen.1005445.g001){ref-type="fig"}). Accordingly, when the cryptic PTS1 was revealed in the coding frame by a single nucleotide deletion upstream to the stop codon, *A*. *gossypii IDP2* (*A*.*gos IDP2*) enabled growth of the *ΔIdp3* strain on petroselinate ([Fig 2A](#pgen.1005445.g002){ref-type="fig"}).

![*IDP* localization diverged before the WGD via the emergence of cryptic PTS1 in the 3'UTR of the ancestral, Saccaromycetaceae *IDP2* genes.\
(A) A phylogenic tree and alignments of the C-termini of *IDP2* and *IDP3* genes from yeast species that diverged before and after the WGD (the alignment starts from the last conserved residue, Leu403 by *S*. *cerevisiae* numbering). Shown are pre-WGD *IDP2*s (cytosolic, in blue) and post-WGD *IDP2*s (cytosolic; light blue) and *IDP3*s (peroxisomal; green). The green rectangle marks explicit, in-frame C-terminal PTS1 signals while the blue, dotted rectangle marks genes with the cryptic 3'-UTR PTS1 signals. (B) The C-terminal sequences of the pre-WGD *IDP2* genes, including the +1 alternative reading frames. Stop codons in the original frame are marked in bold with underline. Green rectangles indicate the identified cryptic PTS1 sequences in the +1 frame. The frameshift-inducing poly T region in *A*. *gossypii IDP2* gene is highlighted.](pgen.1005445.g001){#pgen.1005445.g001}

![*A*. *gossypii IDP2* gene partially expresses a peroxisomal isoform by phenotypic frameshift mutation.\
(A) Growth of the *ΔIdp3* strain on petroselinate was complemented with the indicated genes in plasmids. *S*.*cer IDP2* shows no growth whereas *S*.*cer IDP3* promotes full growth. Wild-type *A*.*gos IDP2* partially complements, and one T deletion within its 6T repeat increases growth (*A*.*gos IDP2* ^*Δt*^). Inserting a stop codon in the cryptic PTS1 (*A*.*gos IDP2* ^*ΔAKL*^), or silent mutations in the 6T repeat (into TCTTCT; *A*.*gos IDP2* ^*+silent*^), abolished growth. (B) Wild-type *A*.*gos IDP2* and its two control mutants (*A*.*gos IDP2* ^*+silent*^ and *A*.*gos IDP2* ^*Δt*^) to express each isoform, were purified and analyzed by ESI-MS in line with liquid chromatography. The initiator Met is removed in the predicted mass. The relative intensities of original and PTS1-carrying isoforms are 72 and 28 ± 3% (n = 3). (C) Fluorescent visualization of cells co-expressing an mCherry tagged with the C-terminal *A*.*gos IDP2* fragment ([Fig 1B](#pgen.1005445.g001){ref-type="fig"}; the last 11 amino acids and the 3'-UTR ending with AKL\*) and a known peroxisomal protein, Pex14, fused to GFP. White arrows show punctate co-staining with the peroxisomal marker. The frame-shifted fragment (*A*.*gos IDP2* ^*Δt*^) having PTS1 within its coding frame was similarly tested. Scale bar, 4 μm.](pgen.1005445.g002){#pgen.1005445.g002}

Regulated translational frameshifts are known, but they typically occur at long homorepeats such as 8A that are not observed in the coding sequences prior to the stop codons of the pre-duplication *IDP2*s. Do, then, the cryptic PTS1 motifs within the 3'-UTR regions comprise relics of ancestral PTS1 motifs that were non-functionalized; or do they still encode a functional peroxisomal targeting signal and are thereby maintained under selection for dual localization? The latter seems likely given that sequences that perfectly match a functional PTS1 ([Table 1](#pgen.1005445.t001){ref-type="table"} and [Fig 1B](#pgen.1005445.g001){ref-type="fig"}) are found in 4 out of 5 of the pre-WGD Saccaromycetaceae species. To investigate the possibility that the pre-duplication *IDP2* genes partially produce a peroxisomal isoform carrying a PTS1 via a transcriptional or translation frameshift, we tested whether wild-type *A*.*gos IDP2* can enable petroselinate growth of the *S*. *cerevisiae ΔIdp3* strain. Indeed, growth on petroselinate could be observed with wild-type *A*.*gos IDP2* at about half the rate observed with *S*. *cerevisiae*'s original, peroxisomal *IDP3*, and mutating the cryptic PTS1 within the 3'-UTR abolished the growth ([Fig 2A](#pgen.1005445.g002){ref-type="fig"}). Thus, a peroxisomal *IDP* isoform carrying the PTS1 motif seems to be co-expressed alongside the original, cytosolic form.

How are the cryptic PTS1 recruited in the coding region? Homonucleotide repeats show consistently higher tendency for slippage of RNA polymerases, and the ribosome, thus inducing phenotypic frameshift mutations \[[@pgen.1005445.ref039],[@pgen.1005445.ref040],[@pgen.1005445.ref041]\]. Indeed, a 6T repeat exists shortly before the original stop codon of *A*.*gos IDP2* and within a highly diverged segment of the C-terminus (*S*.*cerevisiae* Leu403 is the last conserved position in *IDP* alignments; [Fig 1B](#pgen.1005445.g001){ref-type="fig"}). Accordingly, silent mutations replacing 2 out of the 6 T within this repeat gave no complementation ([Fig 2A](#pgen.1005445.g002){ref-type="fig"}).

We further examined whether the phenotypic frameshift at the 6T repeat is due to a transcriptional or translational error. Total RNA from *S*. *cerevisiae* expressing *A*.*gos IDP2* and grown on petroselinate was extracted. The cDNA derived from mRNAs of *A*.*gos IDP2* gene was amplified by RT-PCR and cloned for sequencing. In randomly picked 36 clones, all carried a 6U site, corresponding to the original gene's 6T sequence, and no other sequence changes were detected along 500 bp flanking *IDP2*'s stop-codon. The phenotypic frameshift is therefore caused by translational errors, consistently with the fact that they are \~10-fold more frequent than transcriptional errors \[[@pgen.1005445.ref009]\]. Overall, these results suggest that the *A*. *gossypii IDP2* partially produces an alternative isoform carrying a PTS1 motif via translational error that bypasses the stop codon and unveils the cryptic, frame-shifted PTS1, and thus exhibiting peroxisomal *IDP* activity that enables growth on petroselinate.

We further validated the coexistence of two isoforms of *A*.*gos IDP2* by mass spectrometry. Alongside the expected *A*.*gos IDP2* gene product, a higher mass form corresponding to the predicted frame-shifted product at the 6T repeat including the C-terminal AKL was observed with \~30% of the total mass ([Fig 2B](#pgen.1005445.g002){ref-type="fig"}). Peroxisomal targeting by the cryptic PTS1 was also observed by fluorescent cell imaging. Red fluorescent protein (mCherry) was C-terminally tagged with the C-terminal fragment of *A*.*gos IDP2* containing the cryptic PTS1 in the 3'-UTR. We observed clear punctate co-staining with the peroxisomal marker protein Pex14 fused to GFP when the cryptic PTS1 was revealed by the frameshift (one T deletion in the 6T repeat). On the other hand, wild-type *A*.*gos IDP2* fragment fused to mCherry was primarily visualized in the cytosol, yet with also weak, punctate co-staining with the peroxisomal marker, likely indicating dual localization ([Fig 2C](#pgen.1005445.g002){ref-type="fig"}).

We subsequently tested the cryptic PTS1 motifs of the other pre-duplication *IDP2* genes. The C-terminus of *S*.*cer IDP2* was replaced with the C-termini of 5 different pre-duplication *IDP2* genes, including their 3'UTRs ([Fig 1B](#pgen.1005445.g001){ref-type="fig"}). As expected, *K*. *lactis IDP2* that contains no cryptic PTS1 showed no growth complementation. Three pre-duplication *IDP2*s containing the cryptic PTS1 appeared to partially express peroxisomal isoforms at a level similar to *A*.*gos IDP2*, although only *A*.*gos IDP2* has a \>3 bp long homorepeat site ([S2A Fig](#pgen.1005445.s002){ref-type="supplementary-material"}). In contrast, *K*. *waltii IDP2* (*K*.*wal IDP2*) failed to show complementation despite the existence of the cryptic PTS1 motif. Nonetheless, growth rate on petroselinate was significantly enhanced when the cryptic motif was revealed by a genetic frameshift (one nucleotide deletion before the stop codon; [S2B Fig](#pgen.1005445.s002){ref-type="supplementary-material"}). We subsequently tested complementation with the full length of *K*.*wal IDP2* open-reading-frame including 150 bp downstream after the stop codon. The full-length *K*.*wal IDP2* showed complementation although with lower growth rates than the other pre-duplication *IDP2*s. Thus, although *K*. *waltii IDP2* appears to have a functional cryptic PTS1, unveiling it by a phenotypic frameshift seems to be dependent on having the broader context of the *K*. *waltii* gene and not just the region around the stop-codon, as was the case with the other pre-duplication *IDP2* genes. The frequency of ribosomal slippage may therefore depend on the secondary structure of mRNA, as well as on environmental factors that regulate translational fidelity in the host organism \[[@pgen.1005445.ref042],[@pgen.1005445.ref043]\].

How prevalent are cryptic peroxisomal signals in the yeast genomes? {#sec005}
-------------------------------------------------------------------

Following the above findings, and a report that appeared while this work was ongoing on cryptic peroxisomal targeting of two cytosolic enzymes \[[@pgen.1005445.ref030]\], we performed a systematic computational search of the 3'-UTR regions of four closely related post-WGD *Saccharomyces* genomes: *S*. *cerevisiae*, *S*. *paradoxus*, *S*. *bayanus* and *S*. *mikatae* ([S1](#pgen.1005445.s005){ref-type="supplementary-material"} and [S3](#pgen.1005445.s007){ref-type="supplementary-material"} Tables). The search was based on PTS1 motifs containing all possible variation of amino acids ((S/A/C/E/I/H/Q)-(K/R/H)-(L/F)-stop) from 20 peroxisomal proteins in the Saccaromyces genome database. We searched for the motif starting up to 30 bp downstream the stop codon in all frames. PTS1-like motifs were found in around 1% of total genes of the genomes. However, about 40% of these were interrupted by another stop codon ([S1 Table](#pgen.1005445.s005){ref-type="supplementary-material"}). Further, only a small number of these potentially cryptic motifs were found in more than one species, suggesting that these motifs are under functional selection. We thus focused on few interesting candidates that are conserved among the post-WGD species, and foremost on pyruvate carboxylase 1 (*PYC1*)---a cytosolic enzyme converting pyruvate to oxaloacetate. The NADPH used for peroxisomal *β*-oxidation could be produced from pyruvate by a putative pathway that includes four enzymes: *PYC*: pyruvate carboxylase; *CIT*: citrate synthase; *ACO*: aconitase; and finally *IDP*: isocirate dehydrogenase. Although not established as a peroxisomal NADPH providing pathway, this reaction sequence comprises part of the TCA cycle. Among these, two enzymes have known peroxisomal paralogues in *S*. *cerevisiae*: *CIT2* and *IDP3*. The other two, *PYC* and *ACO*, are thought to act in the cytosol and mitochondria, respectively, thus demanding the shuttle of their substrates and products to and from the peroxisome ([Fig 3A](#pgen.1005445.g003){ref-type="fig"}) \[[@pgen.1005445.ref044]\]. We identified, however, a cryptic PTS1-like motif (SHL\*) in the *PYC1* genes of all four *Saccharomyces* species. The motif of *S*. *cerevisiae PYC1* is located at 11 bp downstream from the stop codon, in a +1-shifted frame, and predicted as a weak motif by the PTS1 predictor \[[@pgen.1005445.ref045]\] ([S3A Fig](#pgen.1005445.s003){ref-type="supplementary-material"}).

![The potential peroxisomal localization of a pathway supplying NADPH for *β*-oxidation.\
(A) The putative pathway follows the TCA reaction cycle, beginning with pyruvate and comprising four enzymes: *PYC*, pyruvate carboxylase; *CIT*, citrate synthase; *ACO*, aconitase; and finally *IDP*, isocirate dehydrogenase. Two enzymes have peroxisomal *S*. *cerevisiae* paralogous:---*CIT3* and *IDP3*; the other two, *PYC* and *ACO*, are thought to act in the cytosol and mitochondria, respectively. Hypothetical transporters permitting the export and import of intermediate metabolites are depicted as white circles. (B) The PTS1-like motif of *S*.*cer PYC1* (last 11 amino acids *plus* the 3'UTR ending with SHL\*) was tested by fusion to the C-terminus of *S*.*cer IDP2* and complementation of *ΔIdp3* growth on petroselinate. Shown is growth with the original motif (orange line), and a version obtained by a single base deletion upstream the stop codon (green line) that puts the putative PTS1 in-frame (*PYC1* ^*ΔG*^; the deleted G is highlighted in grey). (C) The PTS1-like motif of *S*.*cer ACO2* (last 10 amino acids *plus* the 3'UTR ending with NKF\*) was tested as described in part (B) above. An in-frame version obtained via a deletion of a single base upstream the stop codon (*ACO2* ^*ΔA*^) was also tested. Whilst the initial growth was very slow, upon serial transfers to fresh petrosalinate media (5-fold dilutions) a marked increase in growth rate was observed. Single colonies were randomly isolated from the 2^nd^ transferred culture (at 900 h) and sequenced. All 7 sequenced clones possessed a single mutation in the PTS1-like motif converting it to NKL ([S4C Fig](#pgen.1005445.s004){ref-type="supplementary-material"}).](pgen.1005445.g003){#pgen.1005445.g003}

We examined the functionality of the PTS1-like motif of *S*.*cer PYC1* by tagging *S*.*cer IDP2* at the C-terminus with the C-terminal fragment of *S*.*cer PYC1* (the last 11 amino acids and the 3'UTR ending with SHL\*). The *PYC1* motif showed functional targeting when recruited within the coding frame via a single nucleotide deletion, as indicated by *ΔIdp3* complementation for growth on petroselinate, while not functional with the native sequence ([Fig 3B](#pgen.1005445.g003){ref-type="fig"}). Peroxisomal localization was also observed by fluorescent imaging with mCherry C-terminally-tagged with the 3'UTR motif revealed by a single nucleotide deletion ([S3B Fig](#pgen.1005445.s003){ref-type="supplementary-material"}). These results suggest that this motif is relevant for peroxisomal targeting of *S*.*cer PYC1* via phenotypic errors. At a minimum, our results indicate that a duplicated *S*.*cer PYC1* is within a single genetic mutation from becoming a functional peroxisomal paralog, or perhaps that *PYC1* was dually localized in the past.

Our computational search did not identify consensus PTS1 motifs ((S/A/C/E/I/H/Q)-(K/R/H)-(L/F)-stop) in *ACO* genes. However, upon a closer look we identified a PTS1-like motif (-NKF\*) located at +1-shifted frame shortly after the stop codon of *S*.*cer ACO2* ([S4A Fig](#pgen.1005445.s004){ref-type="supplementary-material"}). This motif gave very weak functional targeting when inserted in-frame at the C-terminus of *IDP2* and tested for growth on petroselinate ([S4B Fig](#pgen.1005445.s004){ref-type="supplementary-material"}). However, in a continuous passage culture, the slow growth was dramatically accelerated and eventually matched the growth rate of *IDP3* ([Fig 3C](#pgen.1005445.g003){ref-type="fig"}). Sequencing of randomly chosen clones from the petroselinate culture identified a single nucleotide exchange that occurred spontaneously, converting NKF\* to NKL\* and thus yielding a stronger targeting signal ([S4C Fig](#pgen.1005445.s004){ref-type="supplementary-material"}). The rapid fixation of this mutation demonstrates the ease by which the latent *ACO2* motif can further evolve to yield an efficient targeting signal.

Phenotypic and genetic mutations are correlated {#sec006}
-----------------------------------------------

How do phenotypic mutations, *e*.*g*. the slippage in pre-duplication *IDP2*s, become eventually 'imprinted' via a genetic mutation, thus leading to evolutionary adaptation as observed in the extant, peroxisomal *IDP3*s? Homonucleotide repeats of 3--8 bases are prone to phenotypic, transcriptional/translational errors as exemplified here with *A*. *gossyppii IDP2* ([Fig 2B](#pgen.1005445.g002){ref-type="fig"}). However, homorepeats are also highly prone to genetic, frame-shifting InDels (insertions and deletions). In fact, these two phenomena are strongly correlated: the longer the homorepeat, the higher is the frequency of both phenotypic and genetic frameshifts (see Ref. \[[@pgen.1005445.ref039]\] and references therein). However, apart from *A*. *gossyppii IDP2*, the 3 other pre-duplication *IDP2* genes have no homorepeats of \>3 bases length in the region before the stop-codon ([Fig 1B](#pgen.1005445.g001){ref-type="fig"}). We therefore sought to identify the sites of slippage that unveil the cryptic PTS1 sequences, and to also establish whether the very same sites also comprise hotspots for genetic deletion mutations that result in the exclusive expression of a peroxisomal form.

In fact, we began our exploration with the latter---namely, we sought to identify hotspots for genetic, single base deletions that may occur upstream to *K*. *waltii IDP2's* stop-codon and result in its cryptic PTS1 becoming in-frame (*K*. *waltii IDP2* was the most poorly bypassed pre-duplication *IDP2*; and, as mentioned above, has no \>3 bases repeats in its C-terminus; [Fig 1B](#pgen.1005445.g001){ref-type="fig"}). We randomly mutated the segment of 100 bases around *K*. *waltii IDP2*'s stop-codon, transformed the mutated gene library to the *S*. *cerevisiae ΔIdp3* strain and selected the transformed yeast cells for growth on petroselinate. After 200 hours, the culture's growth rate dramatically increased ([Fig 4A](#pgen.1005445.g004){ref-type="fig"}). The selected pool was analyzed by sequencing seven randomly chosen clones. We identified 3 different single base deletions that all occurred within a stretch comprising 3 repeats of 3 bases each just before the stop codon (AAATCCCAAA; [Fig 4B](#pgen.1005445.g004){ref-type="fig"}). To examine whether the phenotypic frameshifts occur within the very same stretch, we applied the same test applied to validate the 6T repeat as the site of ribosomal slippage in *A*. *gossyppii IDP2*. Namely, we introduced silent mutations at each of the 3 deletion sites (AA**A** TC**C** CA**A** A; in bold, the sites of silent mutations; [Fig 4B](#pgen.1005445.g004){ref-type="fig"}) and examined whether the frequency of slippage, as reflected by the rate of growth on petroselinate, would be reduced. Indeed, silent mutations in the two deletion sites that are closer to the stop-codon showed a marked inhibition of growth, and the triple mutant showed effectively no growth ([Fig 4C](#pgen.1005445.g004){ref-type="fig"}). It therefore appears that the phenotypic mutations leading to cryptic peroxisomal localization in the cytosolic *IDP2*s are readily 'immortalized' via genetic deletion mutations that occur within the very same site.

![Laboratory evolution for peroxisomal localization is driven by genetic mutations at the same location where phenotypic mutations occur.\
(A) The C-terminal region of *K*. *waltii IDP2* including the 3'-UTR (100 bp around the stop codon) was randomly mutated by error-prone PCR at an average of \~1 mutation per gene. The mutated genes were cloned and selected by plasmid complementation of the *ΔIdp3* growth in YP medium with petroselinate. After 200 hours of culture, a burst in growth rate was observed. (B) Six out of seven randomly sequenced clones from the 300 hours culture had a single base deletion just before the stop codon (g1-g3), all resulting in an in-frame PTS1 signal (-AKL\*). (C) The three deletion sites were modified by silent mutations of the wild-type base into G. The resulting mutants were tested by plasmid complementation of the *ΔIdp3* strain for growth on petroselinate. Two silent mutations (g2 and g3) resulted in growth inhibition, and the triple mutant (*K*.*wal IDP2* ^*+g1+2+3*^) showed essentially no growth, thus indicating that the translational slippage leading to dual localization of *K*. *waltii IDP2* occurs within this segment. It should be noted that we used an adapted *ΔIdp3* strain whereby the growth of *ΔIdp3* complemented with *K*.*wal IDP2* increased (see [Materials and Methods](#sec008){ref-type="sec"}).](pgen.1005445.g004){#pgen.1005445.g004}

Discussion {#sec007}
==========

Taken together, our results show that *S*. *cerevisiae IDP3* diverged from an ancestral, pre-duplicated gene that, although primarily localized to the cytosol, had the capacity for peroxisomal localization via a phenotypic mutation---a frameshift induced by translational slippage. We appear to be witnessing all the putative intermediates along this evolutionary trajectory. Specifically, *S*. *cerevisiae IDP3*, and the other post-duplication *IDP3*s, all have a 'legitimate' in-frame PTS1. The pre-duplication cytosolic *IDP2*s in Saccaromycetaceae species have a cryptic PTS1 within their 3'-UTR regions that are unveiled by translational and/or transcriptional errors. Further, the contemporary *S*. *cerevisiae PYC1* and *ACO2* genes appear to contain cryptic PTS1 signals in their 3'-UTRs that are readily revealed by a single genetic deletion mutation. Indeed, our findings also suggest that four enzymes, that together comprise a putative pathway providing NADPH for peroxisomal *β*-oxidation, either have a known peroxisomal paralogue (*CIT* and *IDP*), or have been partially localized to the peroxisome in the past or are evolving towards peroxisomal localization (*PYC* and *ACO*). Finally, our laboratory evolution experiments confirm that the pre-duplication *IDP2*s carrying cryptic PTS1 sequences readily evolve via genetic mutations to yield 'legitimate' peroxisome-targeted genes.

We also conclude that *IDP3*'s mechanism of divergence does not fit Ohno's model, namely, neo-functionalization/localization. Rather, *IDP3*'s peroxisomal targeting emerged in the ancestral Saccaromycetaceae species long before the *IDP* gene was duplicated to give the newly diverged *IDP3*. As shown here, 4 out of the 5 pre-duplication *IDP2*s in Saccaromycetaceae species are dually localized via a cryptic PTS1 whilst the more distant species do not possess such cryptic PTS1s ([Fig 1](#pgen.1005445.g001){ref-type="fig"}). Thus, *IDP*s represent a clear case of divergence via 'gene sharing' \[[@pgen.1005445.ref011],[@pgen.1005445.ref021]\] and of 'divergence before duplication' \[[@pgen.1005445.ref013],[@pgen.1005445.ref014]\]. Following duplication, the ancestral dual, cytosol-peroxisome localization function was split between two paralogous genes, thus representing a case of sub-functionalization/localization \[[@pgen.1005445.ref022],[@pgen.1005445.ref024]\]. The latter evolutionary mechanisms rely on one gene executing multiple functions, and accordingly on weak trade-off---namely, that mutations that endow the newly emerging function do not abolish the original function. Weak trade-offs, *i*.*e*., 'something for nothing', at least at the early stages of evolution, is a key feature that makes divergence before the duplication a far more plausible scenario than Ohno's model \[[@pgen.1005445.ref046]\]. Indeed, the assumption of tradeoffs underlies Ohno's model---the existence of a redundant copy relieved from the burden of selection enables mutations to freely accumulate, including mutations that undermine the original function \[[@pgen.1005445.ref047]\]. Our analysis indicated a ratio of \~1:3 of the peroxisome-cytosol isoforms in *A*. *gossyppii IDP2* ([Fig 2B](#pgen.1005445.g002){ref-type="fig"}). Thus, a reduction of \~25% in the levels of the cytosolic *IDP* is enough to shift from no growth on petrosalinate to a growth rate that is only half of that observed with the 'legitimate' peroxisomal *IDP3* ([Fig 2A](#pgen.1005445.g002){ref-type="fig"}). However, growth levels comparable to wild-type were afforded only upon a genetic mutation that leads to exclusive peroxisomal targeting. Assuming that cytosolic *IDP* is essential, such a mutation could only follow duplication.

*IDP*s' divergence prior to duplication was driven by transcriptional /translational errors that result in dual localization to both the cytosol and peroxisome from a single gene. Dual localization is commonly observed (see also refs \[[@pgen.1005445.ref027],[@pgen.1005445.ref028],[@pgen.1005445.ref048],[@pgen.1005445.ref049]\]. Specifically, stop-codon read-through, or alternative splicing, were previously shown to mediate the dual cytosol-peroxisome targeting of several glycolytic enzymes in various yeast species \[[@pgen.1005445.ref030]\]. However, there is no evidence indicating that these genes duplicated and diverged into 'legitimate' peroxisomal paralogues, as is the case with the pre-duplication *IDP2*s. Divergence before duplication may apply to localization signals other than PTS1. Most protein localizations, such as to the endoplasmic reticulum, mitochondria, or chloroplasts, are mediated by N-terminal target signals that are \~20 amino acids long. Translational errors can also produce various N-terminal isoforms from a single mRNA owing to alternative translation initiation sites ("leaky scanning") \[[@pgen.1005445.ref050]\] thus enabling dual targeting \[[@pgen.1005445.ref027],[@pgen.1005445.ref029],[@pgen.1005445.ref051]\].

Foremost, our results provide unequivocal evidence that phenotypic mutations led to the evolution of new traits \[[@pgen.1005445.ref043],[@pgen.1005445.ref052]\]. Noise and infidelity in general, and transcriptional and translational errors specifically, may comprise a "look-ahead" effect \[[@pgen.1005445.ref006]\] thus underlining the phenotype of the yet to emerge duplicated, diverged gene \[[@pgen.1005445.ref005]\]. The rate of phenotypic mutations is \>10^5^-fold higher than genetic mutations, and may be further enhanced under stress due to the malfunction of translational fidelity \[[@pgen.1005445.ref042]\], or under the yeast prionic state (\[PSI+\]), thus promoting phenotypic diversity that mediates survival in challenging environments \[[@pgen.1005445.ref053]\]. Further, although phenotypic mutations are not inherited as such, the capacity to induce them is inherited via DNA sequences that favor slippage, as manifested, for example, in the 6T repeat inducing dual localization of *A*. *gossyppii IDP2*.

Finally, our results indicate another intriguing aspect of phenotypic mutations---the same gene context is prone to both phenotypic mutations (transcriptional/translational errors) and genetic mutations ([Fig 4](#pgen.1005445.g004){ref-type="fig"}). Thus, selection for dual localization, hence favoring gene sequences whereby slippage downstream the stop-codon occurs at relatively high frequency (as seems to be the case in the pre-duplication *IDP2* genes) also creates a hotspot for a genetic mutation. In this manner, a coincidental error becomes a 'frozen accident' under selection, as well as a hotspot for evolutionary adaptation.

Materials and Methods {#sec008}
=====================

Yeast strains {#sec009}
-------------

All strains were derived from By4741 (*MATa*, *his3Δ1*, *leu2Δ0*, *met15Δ0*, *ura3Δ0*) \[[@pgen.1005445.ref054]\]. The strains used are listed in [S2 Table](#pgen.1005445.s006){ref-type="supplementary-material"}. To obtain the wild-type strain harboring a selection marker (*WT*; *idp3*:: *IDP3-kanMX4*), the *IDP3* open reading frame (ORF) of the By4741 genome was replaced with the *IDP3* gene fusing to kanMX4 cassette by homologous recombination \[[@pgen.1005445.ref055]\]. This strain (*WT*) was subjected to serial passage culture in the petroselinate containing medium (1% yeast extract, 2% Bacto-peptone, 0.2% Tween-40, 0.1% petroselinate) containing G418 (200 μg/ml)) until spontaneously adapting and exhibiting higher growth rate. The *IDP3* knockout strain (*ΔIdp3*; *idp3*:: *hphNT1*) was constructed from this adapted strain, whereby the locus containing the *IDP3* gene---the kanMX4 cassette was replaced with a hpnNT1 cassette by homologous recombination.

Cloning procedures {#sec010}
------------------

The kanMX4 cassette was PCR amplified from a pBS7 vector (Yeast resource center). The *IDP3* gene---kanMX4 fusion was constructed as follows: The *IDP3* gene, including the ORF and 150 bps downstream, was PCR amplified from genomic DNA. The amplified gene was introduced into the pBS7 vector containing kanMX4 cassette by using the *SmaI* /*BglII* sites. The *IDP3* gene---the kanMX4 cassette was thus PCR amplified from the sub-cloned pBS7 vector. The hpnNT1 cassette was amplified from pRS41H plasmid \[[@pgen.1005445.ref056]\] using primers franking the 5' end of *IDP3*'s ORF and the 3' end of the kanMX4 cassette. DNA fragments encompassing the coding region, plus the 500 bps upstream (5') and 150 bps downstream regions (3') of the various *IDP* genes (*S*. *cerevisiae IDP3*, *IDP2*, *A*. *gossypii IDP2*, and *K*. *waltii IDP2*) were amplified from genomic DNA. For testing the effects of the coding vs. 5'-UTR (promoter) and 3'-UTR (cryptic PTS1s), the coding and non-coding fragments were separately amplified and combined by assembly PCR. These assembled fragments were subcloned by *SmaI/NotI* sites into pRS41K \[[@pgen.1005445.ref056]\], a centromere-based plasmid for single-copy expression in yeast, generating: pRS41K-*ScIDP3* ~*Pro*~ */ScIDP3/ScIDP3* ~*Ter*~, pRS41K-*ScIDP2* ~*Pro*~ */ScIDP3/ScIDP3* ~*Ter*~, pRS41K-*ScIDP3* ~*Pro*~ */ScIDP2* ^*+CKL*^ */ScIDP3* ~*Ter*~, pRS41K-*ScIDP3* ~*Pro*~ */ScIDP2/ScIDP2* ~*Ter*~, pRS41K-*ScIDP3* ~*Pro*~ */AgIDP2/AgIDP2* ~*Ter*~, pRS41K-*ScIDP3* ~*Pro*~ */KwIDP2/KwIDP2* ~*Ter*~; whereby *ScIDP3* ~*pro*~ and *ScIDP2* ~*pro*~ are 500 bp upstream regions of *S*. *cerevisiae IDP3* and *IDP2*, respectively; *ScIDP2*, *ScIDP2* ^*+CKL*^, *ScIDP3*, *AgIDP2*, and *KwIDP2* are coding region; *ScIDP2* ~*ter*~, *ScIDP3* ~*ter*~, *AgIDP2* ~*ter*~, and *KwIDP2* ~*ter*~ are 150 bp downstream regions of *S*. *cerevisiae IDP3*, *IDP2*, *A*. *gossypii IDP2*, and *K*. *waltii IDP2* respectively: *e*.*g*. *ScIDP2* ~*Pro*~ */ScIDP3/ScIDP3* ~*Ter*~ represents the assembled fragment of the upstream region of *ScIDP2*, *ScIDP3* coding region, and the downstream region of *ScIDP3*. To introduce mutations (shown with underbars in primers sequences below) in the PTS1, or in the polyT region of *A*.*gossypii IDP2*, site-directed mutagenesis was performed by using pRS41K-*ScIDP3* ~*Pro*~ */AgIDP2/AgIDP2* ~*Ter*~ plasmid as a template with primer sets ptsdel_f (5'-GAAAAAGCAAGCA[T]{.ul}AATTATAGCCTAGGCTGCCT-3') and ptsdel_r (5'-AGGCAGCCTAGGCTATAATT[A]{.ul}TGCTTGCTTTTTC-3') for cPTS1 mutation, delt_f (5'-GGCTACAAGCGTC[TTTTT]{.ul}GTGAATAAGAAAAAGC-3') and delt_r (5'-GCTTTTTCTTATTCAC[AAAAA]{.ul}GACGCTTGTAGCC-3') for single T deletion on the polyT, and tsyn_f (5'-GGCTACAAGCGTCT[C]{.ul}TT[C]{.ul}TGTGAATAAGAAAAAG-3') and tsyn_r (5'-CTTTTTCTTATTCACA[G]{.ul}AA[G]{.ul}AGACGCTTGTAGCC-3') for silent mutations on the polyT, generating pRS41K-*ScIDP3* ~*Pro*~ */AgIDP2* ^*ΔAKL*^ */AgIDP2* ~*Ter*~, pRS41K-*ScIDP3* ~*Pro*~ */AgIDP2* ^*Δt*^ */AgIDP2* ~*Ter*~, and pRS41K-*ScIDP3* ~*Pro*~ */AgIDP2* ^*+silent*^ */AgIDP2* ~*Ter*~, respectively. Replacement of the C-terminus of *S*.*cer IDP2* with the C-termini and 3'-UTRs of various genes was performed using Leu403 as the 5' crossover point (as it comprises the last conserved residue in yeast *IDP*s), and the stop codon as the 3' crossover.

The growth assay for peroxisomal targeting {#sec011}
------------------------------------------

The peroxisome targeting potential of cryptic PST1 sequences was tested by measuring the growth rates of *ΔIdp3* strain complemented with various *IDP* genes in the petroselinate containing medium. The *IDP* constructs tested for targeting (native and chimeras alike) were cloned into a chromosomal pRS41K plasmid and transformed to the *ΔIdp3* strain. Cells were first grown on YPD media (1% yeast extract, 2% Bacto-peptone, 2% Glucose) for at least 18 hours, and then used to inoculate into the YP-petroselinate medium (1% yeast extract, 2% Bacto-peptone, 0.2% Tween-40, 0.1% petroselinate) at an initial OD~600~ 0.1. Growth was monitored by absorbance at 600 nm (error bars represent standard deviations of three independent cultures).

Laboratory evolution experiments {#sec012}
--------------------------------

The 100 bp region centered around the stop codon of *K*. *waltii IDP2* was randomly mutated by error-prone PCR using GeneMorph II random mutagenesis kit (Agilent technologies, CA) and integrated by MEGAWHOP cloning \[[@pgen.1005445.ref057]\] into the *IDP2* encoding plasmid pRS41K-*ScIDP3* ~*Pro*~ */KwIDP2/KwIDP2* ~*Ter*~ (construction details above). Sequencing indicated an average mutation rate of \~1 mutation per gene. The plasmid library was transformed to the *ΔIdp3* strain. Cells were cultured for 300 hours in the YP-petroselinate medium as described above. The resulting culture with increased growth rates was plated on YPD plates and randomly chosen colonies were analyzed by DNA sequencing. Silent mutations were introduced in the plasmid pRS41K-*ScIDP3* ~*Pro*~ */KwIDP2/KwIDP2* ~*Ter*~ by site-direct mutagenesis. These plasmids were used to transform the *ΔIdp3* strain and test growths on petroselinate. Note that the *ΔIdp3* strain used here was derived from another adaptation experiment where the *ΔIdp3* strain complemented with *K*. *waltii IDP2* gene (pRS41K-*ScIDP3* ~*Pro*~ */KwIDP2/KwIDP2* ~*Ter*~) was cultured in the YP-petroselinate medium until spontaneously adapting.

Construction of sequence alignment and phylogenic tree {#sec013}
------------------------------------------------------

*IDP* sequences were obtained from the Fungal Orthogroups Repository \[[@pgen.1005445.ref058]\]. Sequence alignment was created by MUSCLE \[[@pgen.1005445.ref059]\]. Maximum likelihood phylogenic trees were created by PhyML \[[@pgen.1005445.ref060]\] based on the yeast species tree \[[@pgen.1005445.ref058]\] by using the JTT substitution matrix.

mRNA analysis {#sec014}
-------------

The *ΔIdp3* strain transformed by plasmid pRS41K-*ScIDP3* ~*Pro*~ */AgIDP2/AgIDP2* ~*Ter*~ was cultured in the YP media containing petroselinate until the mid-log phase (OD~600~ \~0.6). One mL culture was centrifuged and the collected cell pellet was subjected to total RNA extraction using total RNA extraction kit (Epicentre). The cDNA of *A*. *gossypii IDP2* was amplified from the total RNA by RT-PCR using gene-specific primers: xhoI_agidp500f (5'-ATTGGGTACCCTCGAGAGGACGGGGACAAGTCCAAG-3') and agter_notIr (5'-CACCGCGGTGGCGGCCGCAGATATGCTAGACTAGTAATAAATAGACGC-3'). The amplified PCR products were subcloned into plasmid pRS41K using *XhoI/NotI*. The plasmids were transformed into *E*. *coli*. and 36 randomly selected colonies were subjected to DNA sequencing.

Protein expression and purification {#sec015}
-----------------------------------

For expression in *S*.*cerevisiae* and purification, *A*.*gossypii IDP2*'s ORF plus 150 bps of the 3'-UTR region was amplified by PCR (from plasmid pRS41K-*ScIDP3* ~*Pro*~ */AgIDP2/AgIDP2* ~*Ter*~) with primers encoding an N-terminal Histidine-tag. The DNA fragment was subcloned into plasmid pFA6a-nat \[[@pgen.1005445.ref061]\] using *XhoI/SpeI* sites, for expression and the strong constitutive *TEF2* promoter and *ADH1*'s terminator. The resulting construct including the promoter and terminator was excised using *SacI* sites and subcloned into plasmid pRS42H \[[@pgen.1005445.ref056]\], a multicopy 2μ-based yeast plasmid, generating pRS42H-*His*:*AgIDP2/AgIDP2* ~*Ter*~. This plasmid was transformed into the adaptive wild-type strain (*WT*). For purification of histidine-tagged protein, transformants were pre-cultivated in YPD for 18 hours at 30°C, transferred to YPD at a starting OD 0.05. The culture was harvested at OD 2.2 after 22 hours incubation at 30°C. Harvested cells were resuspended in the two-fold cell volumes of lysis buffer (50 mM potassium phosphate (pH 8.0), 300 mM sodium chloride, 2 mM sodium citrate, 10 mM Imidazole, 10% glycerol, 1 mM DTT, 0.1% Triton-100, 1% protease inhibitor cocktail (Sigma)) and lysed by voltex with the same cell volume of glass beads (425--600 nm, Sigma; G8772) and subsequent sonication. Cell debris was removed by centrifugation for 30 min at 11,500 rpm, and the supernatant was passed through a open column containing Ni-NTA resin. The column was washed with 30-fold resin volumes of wash buffer (50 mM potassium phosphate (pH 8.0), 300 mM sodium chloride, 2 mM sodium citrate, 20 mM Imidazole, 10% glycerol). The proteins were finally eluted with elution buffer (50 mM potassium phosphate (pH 8.0), 300 mM sodium chloride, 2 mM sodium citrate, 250 mM Imidazole, 10% glycerol). The eluted samples were buffer-exchanged with PBS (137 mM sodium chloride, 2.7 mM potassium chloride, 1.76 mM potassium dihydrogenphosphate, 10 mM disodium hydrogenphosphate, pH 7.4) containing 10% glycerol and 2 mM sodium citrate and concentrated by ultrafiltration (Vivaspin 500-10K, GE). Typical yield was \~ 0.2 mg/L at \>90% purity as judged by SDP-PAGE.

Mass spectrometry {#sec016}
-----------------

Microcapillary reverse phase liquid chromatography (LC) was performed with a nanoAcquity UPLC system (nUPLC) (Waters Corp.), using the HEMA/EDMA (Hexyl methacrylate/Ethylene glycol dimethacrylate 60/40 v/v) monolithic column prepared in-house, as previously described \[[@pgen.1005445.ref062]\]. Proteins (5μl of 50 ng/mL) were loaded onto the column and separated using a linear gradient of 20% to 60% solvent B over 40 min, at a flow rate of 10--15 μl/min, at 60°C. Solvent A was water + 0.05% formic acid+ 0.035% Trifluoroacetic acid and solvent B was acetonitrile + 0.05% formic acid+ 0.035% Trifluoroacetic acid. The LC eluant was sprayed into a Qstar XL mass spectrometer (MDS Sciex, Canada) by means of an electrospray ion (ESI) source. The following experimental parameters were used: capillary 5.3 kV, declustering potential of 40 V, focusing potential of 200 V, and second declustering potential of 20 V. The covered mass range was 500--5,000 m/z. Minimal smoothing and centering parameters were used. Spectra were calibrated using a solution of Reserpine (1 μM). The experimental masses of both the original and alternative isoforms corresponded to the theoretical values minus 130 Da due to the removal of the initial methionine \[[@pgen.1005445.ref063]\].

Colocalization experiment by fluorescent microscopy {#sec017}
---------------------------------------------------

Peroxisomal localization was confirmed by mating strains expressing Pex14p fused to GFP and the C-terminal proteins of interest fused to mCherry. The reference haploid strain (By4742: *MATα*, *his3Δ1*, *leu2Δ0*, *met15Δ0*, *ura3Δ0*) expressing Pex14p C-terminally tagged with GFP was constructed as described before \[[@pgen.1005445.ref064]\]. The C-terminal fragments from *A*.*gos IDP2* or *S*.*cer PYC1* were inserted to the C-terminus of mCherry in plasmid pbs69_PRX_tdh3_mCherry, derived from pBS35 (yeast resource center), by whole plasmid PCR. The plasmid was digested in the *Mfe1* site and integrated into the *TDH3* promoter site of the adapted wild-type strain (*WT*) by homologous recombination. The transformed haploid *WT* strain was selected in the presence of Hygromycin (300 μg/ml), and analysed for positive RFP signal by fluorescent microscopy. The RFP-tagged strains were then mated with the GFP-tagged reference strain in SD medium lacking Histidine containing Hygromycin, and the resulting diploid strains were visualized by fluorescent microscopy (Nikon Ecripse Ti, Japan). Images were taken using a cooled CCD camera with an exposure time of 40--300 ms and processed using ImageJ (National Institutes of Health).

Computational search for PTS1 in 3'-UTR regions {#sec018}
-----------------------------------------------

The motif sets used for PTS1 search were built from 20 known peroxisomal genes (13 genes containing the canonical PTS1, 7 genes either containing resembled PTS1 or C-terminus responsible for its localization) from Saccaromyces Genome Database. Each position in the motif was defined as the union of amino acids that appeared in these genes ((S/A/C/E/I/H/Q)-(K/R/H)-(L/F)-stop), in order to minimize the possibility for false negative. Searched were the motifs starting within the first 30 bps of the 3' UTR, excluding the one disturbed by an additional stop codon. This search was performed in four genomes (downloaded from the Saccaromyces Genome Database): *S*. *cerevisiae* (S288C reference genome version R64), *S*. *pardoxus* (strain NRRL Y-17217), *S*. *bayanus* (WashU version) and *S*. *mikatae* (strain IFO1815). For each cryptic PTS1 candidate, 12 amino acids upstream to the PTS1 (including it) was extracted and manually scored by using the PTS1 predictor (<http://mendel.imp.ac.at/pts1/> PTS1predictor.jsp) \[[@pgen.1005445.ref045]\]. The cryptic PTS1 appeared in the coding frame were scored by replacing the original stop codons UAA/UAG and UGA with glutamine and arginine, respectively, according to the known stop codon read-through \[[@pgen.1005445.ref065],[@pgen.1005445.ref066]\].

Supporting Information {#sec019}
======================

###### The most significant event in the divergence of *IDP3* is the acquisition of the PTS1.

\(A\) The *ΔIdp3* strain was complemented with plasmids carrying the following genes: *IDP3*, *IDP2*, *IDP2* ^*+CKL*^; *null* relates to the *ΔIdp3* strain with no plasmid. *IDP2* ^*+CKL*^ was constructed by modifying the *IDP2* gene by replacing its stop codon with *IDP3*'s PTS1---a CKL tripeptide followed by a stop codon (CKL~\*~). These genes were cloned into a chromosomal plasmid and transformed into the *ΔIdp3* strain. Transformed cells were grown in YP medium with petroselinate as the main carbon source. While wild-type *IDP2* showed no complementation of *ΔIdp3* growth, *IDP2* ^*+CKL*^ fully complemented it, as does *IDP3*. (B) *IDP3* gene driven by *IDP2* or *IDP3* promoter (300 bp upstream region) complemented *ΔIdp3* growth on petroselinate. The growths are not significantly different, indicating no significant divergence in the *IDP2* and *IDP3* promoters. Note that both promoter regions contain oleate response element, binding site for the oleate-specific transcriptional activator Pip2 \[[@pgen.1005445.ref067]\]. Error bars are standard deviations of three independent cultures.

(TIF)

###### 

Click here for additional data file.

###### The pre-duplication *IDP2* genes have functional cryptic PTS1 motifs.

\(A\) Various cryptic PTS1 of the pre-duplication *IDP2* genes were fused with *S*. *cerevisiae IDP2* and tested by plasmid complementation of the *ΔIdp3* growth in YP medium with petroselinate. The C-terminal 9 amino acids of *S*.*cer IDP2* was replaced with the C-termini of the different pre-duplication *IDP2* genes, including cryptic PTS1 at their 3'UTRs. All the cryptic PTS1s of pre-duplication *IDP2* genes but *K*. *waltii* are functional. Note that *K*. *lactice* does not have a cryptic PTS1 in the 3'UTR thus no growth was seen. Error bars are standard deviations of three independent cultures. (B) The full length of *K*. *waltii IDP2* gene, spanning from the start ATG codon up to 150 bps downstream the stop codon, was used for the plasmid complementation of the *ΔIdp3* growth in the YP-petroselinate medium. Shown is the C-terminal sequence around the stop codon (black rectangle) including the cryptic PTS1 (green rectangle). Fast growth on petroselinate was induced by a single T deletion (highlighted in grey) just before the stop codon, thus introducing the cryptic motif (AKL\*) within the coding frame (*K*.*wal IDP2* ^*Δt*^; black growth curve).

(TIF)

###### 

Click here for additional data file.

###### Cryptic PTS1 of *S*. *cerevisiae PYC1* is functional for peroxisomal targeting when revealed by a frameshit.

\(A\) A PTS1 signature (-SHL\*) is conserved at 3'UTR of *PYC1* genes among all four yeast species. The motives were found at +1-shifted coding frame in *S*. *cerevisiae*, *S*. *pardoxus*, and *S*. *bayanus*, and on frame in *S*. *mikatae*. These motives were scored and evaluated by extracting 12 amino acids upstream to the motives with the PTS1 predictor. Note that the original stop codon of *S*. *mikatae PYC1* was replaced to serine residue (TGA → TCA) for the scoring. (B) The mCherry was C-terminally tagged with the C-terminal *S*.*cer PYC1* fragment (the last 11 amino acids and the 3'UTR ending with SHL\*) and co-expressed with Pex14-GFP fusion. The cellular localization was observed by fluorescent microscopy after the cells were grown in SD plates for two days. The frame-shifted sequence (shown in [Fig 3B](#pgen.1005445.g003){ref-type="fig"}) by the single nucleotide deletion showed clear peroxisomal localization while the native sequence showing cytosolic localization.

(TIF)

###### 

Click here for additional data file.

###### Cryptic PTS1-like motif (-NKF\*) of *S*. *cerevisiae ACO2* is functional and evolvable for peroxisomal targeting when revealed by a frameshift.

\(A\) The motif is found at +1-shifted coding frame in *S*. *cerevisiae* and evaluated as 'Not targeted' with the PTS1 predictor; nevertheless we further tested the functionality. (B) The C-terminal fragment of *S*.*cer ACO2* (last 10 amino acids *plus* the 3'UTR ending with NKF\*) was fused to the C-terminus of *S*.*cer IDP2* and used for complementation of *ΔIdp3* growth on petroselinate. As can be seen, the motif confers weak yet reproducible growth beyond the *IDP2* control strain when revealed in-frame by a single base deletion upstream the stop codon (*S*.*cer ACO2* ^*ΔA*^; the deleted A is shown in [Fig 3C](#pgen.1005445.g003){ref-type="fig"}). Error bars are standard deviations of three independent cultures. (C) Upon serial transfers to a fresh petrosalinate medium (5-fold dilutions), a marked increase in growth rate was observed ([Fig 3C](#pgen.1005445.g003){ref-type="fig"}). Single colonies were randomly isolated from the 2^nd^ transferred culture (at 900 h) and sequenced. All 7 sequenced clones possessed a single nonsynonymous mutation in the PTS1-like motif converting it to NKL.

(TIF)

###### 

Click here for additional data file.

###### The number of genes containing potential PTS1 motifs in *Saccharomyces* species.

(PDF)

###### 

Click here for additional data file.

###### List of yeast strains used in this study.

(PDF)

###### 

Click here for additional data file.

###### Genes containing potential PTS1 motifs in *Saccharomyces* species.

(PDF)

###### 

Click here for additional data file.
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